In this work, a pre-pilot scale hollow fiber membrane module with a PVA/ProK hybrid membrane containing up to 40 wt% amino acid salt was fabricated and tested infield for CO 2 capture. The petroleum coke-fired flue gas generated from the rotary kiln provided with a 5-stage cyclone pre-heater tower for the production of grey clinker in the Colacem cement plant in Gubbio (PG), Italy, was used as feed gas after a simple filtration to remove the suspended particulate matter without further pretreatment. The temperature for the membrane test was ranging from 80 to 115°C. The effects of various parameters including operation temperature, pressure, sweep gas flow rate, vacuum grade, and the impurities in the feed were systematically investigated. Under optimized condition, CO 2 content of 50% in the permeate and CO 2 permeate flux of˜5 × 10 −3 cm 3 (STP) cm −2 s −1 were documented, which is comparable with other facilitated transport membranes. The presence of impurities in the feed stream showed a negligible effect on the CO 2 separation performance. Long-term stability was also studied through a test for a duration of 1 week at 90°C.
Introduction
It is commonly accepted that CO 2 capture is an effective way to combat climate change, as carbon capture and sequestration (CCS) could mitigate CO 2 emission into the atmosphere with the possibility of continuously using fossil fuels without causing significant CO 2 emissions (Benson and Orr, 2008; Li et al., 2018) . Among the CO 2 emission sources (e.g., power production, transportation and other industry processes), large CO 2 point sources such as fossil fuel power plants and industrial plants, particularly the production units of iron, steel, cement and chemicals, and natural gas plants are more likely to be used for CO 2 capture with relatively lower cost (Bains et al., 2017) . Up to now, numerous technologies have been proposed for CO 2 capture, including chemical absorption/adsorption, physical absorption/adsorption, chemical looping, and membrane separation. Among these options, membranes clearly represent one of the emerging technologies to be used for CO 2 capture (Rafiq et al., 2016) .
Membrane technology is a cost-effective and energy-efficient separation process for CO 2 removal due to low capital cost, low energy penalty, and operational simplicity relative to other competitive technologies (Nunes and Peinemann, 2006) . In addition, membrane processes could adapt almost instantaneously to changing process conditions. Hence numerous investigations dealt with the development of membrane materials for the separation of CO 2 from nitrogen or hydrogen have been published (Baker and Low, 2014; Galizia et al., 2017) . However, despite of a large number of membrane materials developed in lab scale as self-standing membranes, only a few can be fabricated into thin-film-composite membranes with feasible CO 2 permeance, and even fewer were used to produce membrane modules that could be employed for a pilot-scale test.
Up to now, there are only handful examples of pre-pilot or pilot scale field tests applying membrane for CO 2 capture from flue gas of different relevant emission sources (e.g., power plant and cement plant, as shown in Table 1 ). Polaris™ membrane is one of the representative membranes for CO 2 capture developed by Membrane Technology & Research, Inc. (White et al., 2015) . It has been applied in several pilot plant tests, including the separation of CO 2 from flue gas and hydrogen Merkel et al., 2010; White et al., 2015) . A CO 2 permeance values in the range of 1000-2000 GPU (50 psig, 23°C) and CO 2 /N 2 selectivity in the range of 50-60 were obtained for this membrane. Another example is the Polyactive™ membrane developed by the Institute of Polymer Research of Helmholtz-Zentrum Geesthacht (HZG), which has been applied in CO 2 capture from a power plant flue gas for the cultivation of algae Pohlmann et al., 2016; pressure of 1 bar) with a CO 2 /N 2 selectivity of˜40 (Yave et al., 2010) . Both the Polaris™ membrane and Polyactive™ membranes in these works are in the form of spiral wound membrane modules. In another study carried out as part of the Cooperative Research Centre for Greenhouse Gas Technologies (CO2CRC) H3 project (Qader et al., 2017) , two membrane modules were used for post-combustion CO 2 capture in pilot scale. These two modules are the Air Products PRISM module filled with asymmetric glassy polymeric hollow fibers, and the commercial thin-film-composite (TFC) polyamide membrane (Dow NF3838/30FF) in a spiral wound module designed for nanofiltration applications (Scholes et al., 2015) .
Due to the low CO 2 partial pressure and presence of water vapor in flue gases, post-combustion CO 2 capture can be challenging for membranes based on solution-diffusion separation mechanisms. The competitive sorption between water and permeating gases may lead to a serious reduction in both CO 2 permeance and CO 2 /N 2 selectivity (Scholes et al., 2015) . Furthermore, water molecules in the feed stream could also lead to serious plasticization for polymeric membranes, which may permanently alter the membrane structure, leading to a dramatic decrease in gas permeance and selectivity; the initial performance does not always return once the membrane is dried (Scholes et al., 2009) . Therefore, sometimes an extra step is needed to remove the water vapor, which increases the complexity of the process and operation cost.
An alternative approach is facilitated transport membranes, which have shown the potential to achieve permeances and selectivities substantially higher than conventional polymeric membranes due to the reversible reaction mechanism of CO 2 with the carrier agent in the presence of water (Ward and Robb, 1967; Way et al., 1987) . PVAm (polyvinylamine)-based fixed site carrier (FSC) facilitated transport membrane is one of the representative facilitated transport membranes, and has been intensively studied at NTNU (Norwegian University of Science and technology) in Norway (Deng and Hägg, 2010 Deng et al., 2009; Kim et al., 2013) . Due to the excellent separation performance in the lab scale , the PVAm-based FSC membranes were developed into pilot scale plate-and-frame module and tested in-field for CO 2 capture from coal-fired power plants flue gas in Portugal, 2013 . The membrane was later fabricated as pilot scale hollow fiber membrane module and tested in a cement plant in Brevik, Norway, in 2015 . Ho and coworkers have also fabricated Poly(allylamine) (PAA) based facilitated transport membrane into pilot scale spiral-wound membrane modules, and tested at the National Carbon Capture Center in Wilsonville, Alabama, USA (Salim et al., 2018) . The performances of the facilitated transport membranes modules are summarized in Table 1 for comparison.
In the above mentioned facilitated transport membranes, the facilitated transport effect mainly comes from the reverse reaction between the amino groups from the polymer chain (e.g., PVAm or PAA) and CO 2 gas molecules. Recently, due to the fast reaction kinetics and high CO 2 absorption capacity, amino acid salts were used as mobile carriers in facilitated transport membranes. It has been reported that adding amino acid salts into different polymeric matrix (e.g., chitosan, SPEEK (sulfonated poly(ether ether ketone), PVAm, and PVA) (ElAzzami and Grulke, 2009; Qin et al., 2016; Tong and Ho, 2017; Dai et al., 2019) could effectively improve the CO 2 permeance/permeability.
This work focuses on the up-scaling and fabrication of a PVA/amino acid salt hybrid hollow fiber membrane, and the field test of the developed pre-pilot scale membrane module in a cement plant. Various effects of operating parameters on the separation performance and the material durability were investigated. The PVA/amino acid salt hybrid membrane was selected for the field test based on a prior study , where four amino acid salts were embedded into polyvinyl alcohol (PVA) matrix and the optimized membrane showed the CO 2 permeance of up to˜800 GPU with a CO 2 /N 2 selectivity of˜40. The 56-67% CO 2 in permeate side Prism ( 80-300,˜50% CO 2 in permeate side PVAm ( 
was flat sheet membranes fabricated using poly(N-vinylformamide-co-vinylamine) (PNVF-co-VAm) as fixed-site carrier and 2-(1-piperazinyl)ethylamine sarcosinate (PZEA-Sar) as mobile carrier. FTM (2) was flat sheet membrane fabricated using Piperazine, glycine, and PVAm. FTM
was hollow fiber membranes fabricated from PVA and amino acid salts. GPU is used as the gas permeation unit. 1 GPU = 10 Water vapor needs to be removed.
##
Gas permeation results obtained from lab scale tests.
Z. Dai, et al. International Journal of Greenhouse Gas Control 86 (2019) 191-200 membrane presented a stable performance at elevated temperatures throughout 2 weeks (shown in Table 1 ). In the current work, the field tests were carried out in a cement plant with the petroleum coke-fired flue gas coming from a rotary kiln with a 5-stage pre-heater as the feed gas. The influences of the different process conditions, including the operation temperature (80-115°C), feed gas pressure (1.5-2.0 bar), sweep gas flow rate (0.4-1.5 L/min), vacuum grade (0.2-0.8 bar, or the residual pressure ranging from 0.8 to 0.2 bar), and water content in the feed stream, were assessed and analyzed. In addition, the stability of the membrane was studied through a continuous permeation test at 90°C for one week.
Experimental

Materials
Poly(vinyl alcohol) (PVA, Mn 7.9k-12k, 89% hydrolyzed), L-proline, and potassium hydroxide (KOH) were ordered from Sigma, Germany. All chemicals were used as received without further purification. Poly (p-phenylene oxide) (PPO) hollow fiber membrane was kindly supplied by Parker, Norway. The surface of the PPO supports were gently washed with DI water and dried at ambient condition for at least 6 h before the selective layer was coated.
Membrane preparation
The membrane used in the field test was a thin film composite hollow fiber membrane with a selective layer made of the PVA/amino acid salt hybrid . The support substrate was a PPO hollow fiber membrane. The selective layer has a thickness of app. 500 nm. A brief description of the membrane preparation steps is given as follows. First, PVA solution (4 wt%) was prepared by dissolving PVA in water at 80°C for 4 h under reflux, and the amino acid salt (ProK) was synthesized by mixing the stoichiometric amount of proline with KOH in DI water (10 wt%). Second, the desired amounts of the ProK and PVA solution were mixed to make a solution with ProK content of 40 wt%. Then the total solid (PVA + ProK) concentration in the coating solution was diluted to 0.5 wt% in water. The PVA/amino acid salt solution was filtrated using the 0.65 PTFE filter membrane prior to each membrane coating process. The amino acid salts content (ω ProK , wt%) in each hybrid membrane was calculated from Eq. (1):
( 1) where w ProK and w PVA are the weights of amino acid salt and PVA, respectively. Afterward, dip-coating was employed to fabricate the PVA/ ProK selective layer onto the PPO substrate. The soaking time was 10 s. The hollow fiber was prepared manually, so the withdrawn rate was not quantitatively controlled; it was approximately 2-3 s. Further details on the membrane fabrication can be found in our prior study ). In the current work, the membrane fabricated were marked as PVA/ProK-40.
Membrane module fabrication
The membrane modules employed in this study were hollow fiber modules. The pre-pilot scale hollow fiber membrane module was fabricated based on the procedure shown in Scheme 1.
First, the coated HF membranes were put in a 1/2 in. Swagelok™ metal tube with an extra rubbery tube (diameter of 8 mm) set on one end of the tube. It should be aware that the end of the HF membrane must be out of the rubbery tube to avoid the glue from penetrating inside and blocking the membranes. A small amount of fast curing glue was then injected into the rubber tube, set still for curing for˜3 h. Next, a second glue with much lower viscosity was injected into the rubber tube. The low viscous glue was employed to ensure that the glue could go through and fill the voids between the hollow fibers, thus to reduce the possibility of leaking. After the second glue being cured for 12 h, the rubbery tube was removed and the extra part of the glue was cut off using a knife. Finally, another end of the module was prepared by repeating the above procedure. Fig. 1 shows the optical image of the hollow fiber membrane modules used in the lab scale test at NTNU and the pre-pilot scale test membrane modules used in the cement plant at Colacem. In a lab scale membrane module, only 10 hollow fibers were mounted inside the module, while in a pre-pilot scale membrane module, 70 fibers with doubled length (20 cms compared to 10 cms) were installed.
Detailed information about the two membrane modules is listed in Table 2 .
Membrane characterization
In this work scanning electron microscope (SEM, TM3030 tabletop microscope, Hitachi High Technologies America, Inc.) was used to investigate the morphology of the hollow membranes. All samples were sputter coated with conductive gold.
Fourier-transform infrared spectroscopy (FTIR) spectra of the PVA/ Prok-40 HF membranes were measured using a Nicolet iS-50 FTIR spectrometer equipped with a Specac ATR unit (Golden Gate high performance single reflection monolithic diamond ATR) within the range between 4000 and 650 cm −1 . The result was an average of 16 scans. Thermogravimetric analysis (TGA, TG 209F1 Libra) was used to determine the amount or rate of weight changes as a function of temperature over time in a controlled atmosphere (N 2 ). About 10 mg of the sample heated from R.T. to 800°C with a heating rate of 10°C/min.
In-field gas permeation test and flue gas conditions
The test was carried out using flue gas from the emission stack (height: 105 m) placed close to the 5-stage cyclone pre-heater of the grey clinker production line at the Colacem Cement Plant located in Gubbio (PG) Italy (as shown in Fig. 2) .
The sampling point was located 30 m below the top of the stack. A hole was made on the sidewall of the chimney and the vacuum pump was used to suck the flue gas from the chimney to the membrane module (as shown in Fig. 2) . A 2 μm ceramic filter, part of the gas sample probe (M&C Model SP180 H), was used to remove the suspended particulate matter in the flue gas. The temperature of the flue gas from the stack, during the plant tests, was about 115°C. The composition of the dry flue gas during the plant tests is summarized in Table 3 . The flue gas contains 9%-11% of water vapor in addition to the mixture of gases.
The flow chart of the in-field membrane permeation test is shown in Fig. 3(A) . Except for the removal of suspended particulate matter from the flue gas by the filter, no further pretreatment was carried out for the feed gas. All the gas transport pipes were covered by electric heating tubing bundle to control the desired temperature for the test mainly to avoid humidity condensation. One needle valve was placed at the retentate side to control the feed pressure. The gas composition of the feed gas was measured by the Multicomponent Analysis System ACF-NT of ABB S.p.A., while that of the retentate and permeate streams was measured by the HORIBA PG 350 SRM and with TESTO Model 350XL-350S gas analyzers. The flow rates of the three streams were measured by TSI Model 4143 and confirmed by some floating element flow meters selected in accordance with the flow rate to be measured. If not specified, all the tests were carried out without vacuum or sweep gas. In the case that sweep gas was used, the composition of the IP grade gas was: 20.93% Oxygen and 79.07% Nitrogen.
Tests were also carried out to investigate the effect of the water content in the feed. Simulated flue gas from a gas cylinder with CO 2 / O 2 /N 2 mixture (12.6/14/73.4% vol) was used as the feed gas, where water was added into the feed stream by a water evaporator. The temperature and feed flow rate in the water evaporator was controlled to adjust the humidity of the feed gas, as shown in Fig. 3(B) .
The CO 2 flux was calculated based on the flow rate and the CO 2 composition in the permeate stream as shown in Eq. (2).
Where the Q CO2 is the CO 2 flux through the membrane (cm is the CO 2 concentration in the permeate side (%). The CO 2 flux was also double checked by calculating the mass balance of the feed side and the retentate side.
Results and discussion
Characterization of the hollow fiber membrane
Different techniques were used to characterize the fabricated PVA/ ProK-40 membranes, as shown in Fig. 4 .
From the SEM images shown in Fig. 4 (A) a layer with a thickness of around 500 nm has been evenly coated onto the hollow fiber PPO substrate. In Fig. 4 (B) , the FTIR spectrum of pure PVA and PVA with 40 wt% ProK. Fig. 4(C) shows the TGA curve of PVA and PVA/ProK-40. The presence of the ProK salt slightly reduces the thermal stability of the membranes, but it still fulfills the requirement of common postcombustion CO 2 capture processes. Gas permeation properties of the membrane were also investigated at lab scale under room temperature condition, as shown in Table 4 .
3.2. Gas separation performances in real stream flue gas 3.2.1. Effect of operation temperature and feed pressure
It is well-known that the operating temperature has significant impacts on the gas separation performance of membranes. In the case of membranes based on the solution-diffusion model, increasing temperature usually leads to the increase of diffusivity but decrease in solubility. Concerning facilitated transport, however, there may exist an optimal temperature based on the kinetics of the reversible reaction involved in the CO 2 -carrier interaction (El-Azzami and Grulke, 2009; Xing and Ho, 2011 ).
In the current study, the effect of temperature on separation performances was investigated in the range of 60-115°C (Fig. 5) . When the temperature was lower than 80°C, the water vapor in the feed gas severely condensed in the tube. No reliable permeation data were obtained at this temperature range. In the range of 80 to 100°C, CO 2 flux firstly slightly increased with increasing temperature, but then dropped Scheme 1. Hollow fiber membrane module preparation. Z. Dai, et al. International Journal of Greenhouse Gas Control 86 (2019) 191-200 again at 100°C. Temperature affects the facilitated transport in many different ways. First of all, as temperature increases, gas diffusion increases and the rate of reaction between CO 2 and the carrier increases, resulting in an overall increase in CO 2 diffusion. However, with increasing temperature, the sorption of CO 2 in the membrane decreases. In addition, increasing temperature causes a decrement of water retention in the membrane (owing to the lower relative humidity at higher temperature), which in turn hinders the reaction and diffusion. These effects compete with each other and their influences vary significantly, depending on the materials and the interactions involved. Therefore, different membrane materials normally exhibit quite different optimized temperature with respect to CO 2 separation performance. For instance, the optimized operation temperature for PVA/ PAA gel membrane with 2,3-diaminopropionic acid (DAPA) as mobile carrier is 125°C (Yegani et al., 2007) , while for sulfonated polybenzimidazole copolymer based facilitated transport membranes, the optimized operation temperature is 100°C (Bai and Ho, 2009) . It is worth mentioning that the optimized operation temperature is also affected by the operation pressure (Bai and Ho, 2011) , which changes from 110°C to 106°C when the operation pressure increases from 2 bar to 15 bar for crosslinked PVA/amine membranes. In the current study, it was found that a further increase in temperature to 115°C resulted in an extremely low permeate flow (undetectable). The possible explanation can be that under high temperature conditions, the polymeric selective layer and support lose rigidity and become susceptible to compaction. In this study, the membrane module was tested infield with the feed pressure varying in the range of 1.5-2 bar and no sweep gas or vacuum were used on the permeate side. The CO 2 flux across the membrane as a function of feed pressure is shown in Fig. 6 . As it can be seen, increasing feed pressure increases the overall CO 2 flux, but the value is lower than the ideal case of a polymeric membrane following the solution-diffusion mechanism (presented as a red line in Fig. 6 ), which is probably due to the typical carrier-saturation phenomenon in facilitated transport membranes (Way and Noble, 1992) . For example, Ho and co-workers reported a notable reduction of CO 2 permeability from˜3000 Barrer tõ 300 Barrer with a feed pressure increment from 2 bar to 28 bar (Ansaloni et al., 2015) , while both CO 2 /N 2 selectivity and CO 2 /H 2 selectivity also decreased.
Although the CO 2 flux increases with increasing feed pressure, it should be aware that an optimal feed pressure should be determined by considering the trade-off between the energy consumption and the increased flux, or the consequently reduced cost due to the decreased membrane area.
Effect of sweep gas flow rate
In order to investigate the effects of sweep gas on the overall gas separation performances, air was used as sweep gas in the field test. As shown in Fig. 7 , using air with a flow rate of 0.4 L/min as sweep gas dramatically increased the CO 2 flux across the membrane from 1.69 × 10 . It is well accepted that due to concentration polarization, both CO 2 permeance and CO 2 /N 2 selectivity obtained at pilot scale usually are lower than the values obtained in the lab. Using sweep flow gas could significantly increase the driving force across the membrane and reduce the concentration polarization effect, thus resulted in a much higher CO 2 flux. For instance, the CO 2 concentration in the permeate flow reduced from˜48% to 10.6% when 0.4 L/min air was used as the sweep gas. The reduced CO 2 concentration in the permeate flow resulted in much higher driving force and thus a higher CO 2 flux. Further increasing the sweep flow only led to a moderate enhancement in CO 2 flux. For instance, using 0.4 L/min of sweep gas resulted in a big reduction in the CO 2 concentration to 10.6%, while increasing the sweep flow rate to 1 L/min and 1.5 L/min resulted in the decrease of the CO 2 concentration in the permeate stream to 5.0% and 3.0%, respectively.
In addition, the relative humidity of the air purged into the membrane module is much lower than that of the feed gas in the feed side; thus the relatively dry sweep flow may cause a reduction in the water content in the membrane, which may have hindered the CO 2 transport through the membrane.
When a sweep gas was applied in the field test, the CO 2 partial pressure in the permeate side is more stable, so the driving force across the membrane can be calculated with relatively small errors, which make it possible to report the CO 2 permeance with more reliable data.
In the present study, CO 2 permeance of approximately 650 GPU was obtained, which is slightly lower than the values obtained from the lab scale test (˜790 GPU). The different operation condition of the lab test (e.g., temperature, pressure, the presence of impurities in the feed stream) and the in-field test can be the main reasons for the deviation in these two values. In addition, the concentration polarization can also be an issue negatively affecting the separation performance. Using sweep gas is usually considered not practical for post-combustion CO 2 capture as the permeate will then become a new mixture, thus extra energy is needed to separate the new mixture. However, Hao   Fig. 3 . Process flow charts for the gas permeation test. (A) Flue gas is used as the feed gas in the permeation test. A membrane pump (KNF Model N036-ST-11-E) is used to suck the flue gas from the chimney. The basic operation conditions are feed flow 3.5 L/min; feed pressure 1.5 bar; temperature 90°C; no sweep gas. (B) Synthetic flue gas (CO 2 /O 2 /N 2 mixture, 12.6/14/73,4% vol) is used as the feed gas. The water content in the feed gas is adjustable by using a water evaporator (IAS Model HOVACAL). 799.5 ± 10 39 Z. Dai, et al. International Journal of Greenhouse Gas Control 86 (2019) 191-200 et al. reported a new process concept of using air as sweep gas flow in a post-combustion CO 2 capture process (Hao et al., 2014) where the permeate flow (air + CO 2 ) will be sent to the boiler. Although using this mixture slightly reduces the boiler efficiency, it significantly decreases the required membrane area for the separation. This concept was further studied in a pilot-scale test carried out in the National Carbon Capture Center in Wilsonville, Alabama, USA (White et al., 2015) . Results reveal that a two-step membrane process combining vacuum and sweep gas can reach a 90% CO 2 capture efficiency. In the current work, it is clearly shown that reducing the CO 2 partial pressure in the permeate side is more efficient than increasing the CO 2 partial pressure in the feed side (as shown in Fig. 7) . Therefore, using sweep gas or vacuum on the permeate side can be a promising alternative design to increase the driving force and improve the membrane separation performances.
Effect of vacuum grade
A vacuum pump was added to the permeate stream to increase the gas transport driving force across the membrane. The use of vacuum in a membrane separation process for post-combustion CO 2 capture from a cement plant has previously been reported Sandru et al., 2013) , in which the vacuum grade was controlled in the range of 0.2 bar-0.8 bar.
In the present study, similar to the case of using a sweep flow in the permeate side, an evident increase of CO 2 flux through the membrane can be observed when the vacuum was applied. From Fig. 8 , it is clearly shown that the CO 2 flux first increased significantly with the vacuum grade (pressure from 1.0 bar to 0.4 bar), however, when the vacuum grade was too low (i.e., at 0.2 bar), there is a slight reduction in CO 2 flux. The possible reason can be that the high vacuum grade also removes the water from the membrane, reduced the membrane water uptake, thus reduced the amount of water which could contribute to the facilitated transport. Even though the driving force was slightly higher, the facilitated transport was hindered, leading to an overall reduction in the CO 2 flux across the membrane.
It is difficult to compare the separation performances obtained from different membranes and field tests due to the big differences in operational parameters (e.g., feed pressure, temperature, and vacuum grade). Even if the same membrane has been used, a doubled or even tripled CO 2 permeance or CO 2 /N 2 selectivity may be obtained by Fig. 5 . Effect of temperature on membrane gas separation performances. Gas permeation tests were carried out with a feed pressure of 2 bar, feed flow rate 3.5 L/min with no sweep flow. Fig. 6 . Effect of feed pressure on membrane gas separation performances. Gas permeation tests were carried out with the feed pressure of 1.5 bar, temperature 90°C, feed flow rate 3.5 L/min with no sweep flow. Fig. 7 . Effect of sweep flow rate on membrane separation performances. Gas permeation tests were carried out with the feed pressure of 1.5 bar, temperature 90°C, feed flow rate 3.5 L/min. Fig. 8 . Effect of vacuum grade on gas permeation through the membrane. Gas permeation tests were carried out with the feed pressure of 1.5 bar, temperature 90°C, feed flow rate 3.5 L/min with no sweep flow. changing operation parameters . Therefore, the separation performance results obtained in the current work was compared only to literature results obtained in similar conditions in terms of CO 2 flux. The unit of CO 2 flux was converted to NLm −3 h −1 as reported in other literature for easier comparison. With a feed pressure of 1.5 bar and vacuum grade of 0.4 bar, a CO 2 flux of˜173 NLm −3 h −1 was obtained from the current study. Compared to other reports carried out with similar feed pressure and vacuum grade (as shown in Table 1 ), this value is higher than that of the PVAm-based FSC membranes with the CO 2 flux of 20-80 NLm −3 h −1 Sandru et al., 2013) .
Facilitated transport membranes fabricated in Ho's group showed CO 2 permeance of˜800 GPU and CO 2 flux of˜160 NLm −3 h −1 , which is comparable with the tests in this study. It should be aware that the pressure ratio, as well as the pressure on the feed side, should be taken into account in a gas separation process design (Huang et al., 2014) . The combination of feed pressure and pressure ratio should be optimized from case to case.
Effect of water vapor in the feed gas
In facilitated transport membranes, it is well-known that the water content in the membrane is one of the key factors, which determines the CO 2 permeance and CO 2 /N 2 selectivity. Therefore, in the current study, the water content in the feed side was changed to investigate the effect of the water on the separation performances. As the water content in the flue gas from the cement plant is fixed, synthetic flue gas CO 2 /O 2 / N 2 mixture (12.6/14/73.4% vol) from a gas cylinder was used to introduce water vapor. A water evaporator (IAS Model HOVACAL) was installed in the upstream of the membrane module to evaporate the desired amount of liquid water into water vapor before the synthetic flue gas was fed to the membrane module. The water content in the feed gas was adjusted from 8.7 to 20 vol%. The results of CO 2 flux across the membrane were shown in Fig. 9 .
It is clearly seen that increasing the water content in the feed side could significantly improve the CO 2 flux in the membrane, especially from 8.7 to 10 vol%, demonstrating that the water vapor is dominating in the facilitated transport, and lower water content in the feed side resulted in a much lower CO 2 flux. Further increasing the water content in the feed gas only led to a moderate enhancement in the CO 2 flux, demonstrating that as long as the water vapor in the feed stream could fulfill the requirement of the facilitated transport, further increasing water content is less beneficial. In practical applications for facilitated transport membranes, a critical point of water content should be determined to reach the best separation performances as well as the most economical solution.
It has been reported for many facilitated transport membranes that impurities in the feed gas could significantly hinder the facilitated transport effect, even if at small quantities (Li et al., 2014) . For instance, Wang and coworkers reported that the presence of 5000 ppm of SOx in the feed side resulted in a significant reduction (˜20%) in CO 2 permeance for fixed carrier membranes (Li et al., 2014) . Colin et al. reviewed the impact of different impurities on many polymeric membranes. They found that many minor components can affect performance both through competitive sorption and plasticization, while much remains unknown (Scholes et al., 2009 ). In addition, for facilitated transport membranes, oxidation of the facilitated transport agents is also another issue. If O 2 molecules present in the feed side under high temperature condition, the carriers (e.g., amine group) are more likely to be oxidized overtime and the membrane will gradually lose their facilitated transport abilities (Wang et al., 2013 ).
In the current study, there are many different impurities in the flue gas (e.g., NOx, CO, and O 2 ). As the synthetic gas only contains CO 2 and N 2 , the impact of impurities on the membranes can also be observed in Fig. 9 . The red dot is the separation result from real flue gas with the water content of 10.6 vol%. Compared to the result obtained from the synthetic gas with similar water content, the CO 2 flux from real flue gas is only slightly lower than the synthetic one, clearly shows that the impurities in the feed gas have a negligible (negative) effect on the separation performances.
Stability test
Long-term stability is of critical importance for a membrane. It has been reported that almost all the commercially available gas separation membranes gradually lose half of their separation performance in the first few months (Baker and Low, 2014) . For membranes based on solution-diffusion model, the loss of the gas permeance is mainly due to physical aging, such as the loss of free volume (by slow diffusing out of the membrane), which results in much lower permeance and slightly higher selectivity (Tiwari et al., 2014) . In the case of facilitated transport membranes, the loss in membrane performances has been reported mainly due to irreversible reactions of impurities in the feed with the facilitated transport agents. The reactive impurities occupy the reaction sites of the carriers and reduce the facilitated transport efficiency (Li et al., 2014) .
In the present study, the membrane showed stable separation performance in a one-day in-field test (as shown in Fig. 10 ) with only a slight increase for the CO 2 flux. However, when the test was carried out for 4 days and 6 days, the CO 2 flux reduced to only around half of the original value. The reduction of permeation performance over time in a real separation environment can be a function of a large number of variables, including physical/chemical aging, the suspended particulate matter size and loading, flue gas humidity, membrane hydrophobicity, and feed gas velocities. Facilitated transport membranes have proven to have good long-term stability at relatively low temperature conditions, Fig. 9 . Effect of water vapor content in the feed gas. Red dots represent the data from real flue gas with impurities. Gas permeation tests were carried out with the feed pressure of 1.5 bar, temperature 90°C, feed flow rate 3.5 L/min with no sweep flow. Fig. 10 . Long-term stability performances, Gas permeation tests were carried out with the feed pressure of 1.5 bar, temperature 90°C, feed flow rate 3.5 L/ min with no sweep flow.
even with the presence of various impurities in the feed. For instance, facilitated transport membrane developed by Ho and co-workers exhibited a stable separation performance for approximately 700 h in a field test with a testing temperature of 57°C (Han et al., 2019) . In another study, the PVAm FSC membrane showed a stable CO 2 flux for over 500 h at˜40°C . Therefore, in the present study, the loss of the membrane performance is believed to be due to the oxidation of the reactive sites by the O 2 in the feed gas at the operating temperature. In addition, the occurrence of acidic water on the membranes may generate potential damage to the material.
In order to check the stability of the membrane, the membranes were characterized again after the field test and results are shown in Fig. 11 .
As shown in Fig. 11 , even though a 2-μm ceramic filter has been mounted in the sampling line before the flue gas being sent to the membrane module, there are still a significant number of particles on the membrane surface with the dimension from a few micrometer to tens of micrometers, some of which are bigger than the pore size of the filter. As the filter was found relative clean after the gas permeation test, the particles on the membrane surface are probably the smaller particles electrostatically adsorbed on the membrane surface and their aggregates. Alharthi et al. studied the effects of the flying ash on the membrane performance in post-combustion carbon capture applications (Alharthi et al., 2016) . They found that flying ash has a less negative impact on the separation performances of the membrane. However, the negative impact becomes worse at humid conditions, and some of the impaction is irreversible, meaning that the membrane with "flying ash fouling" cannot be fully recovered. The "flying ash fouling" due to the effect of the suspended particulate matters is thus a possible explanation for the reduction in CO 2 flux in the long-term stability test as well.
The optical images of the membrane before and after the field tests were also recorded and presented in Fig. 11(C) and (D) . A color change can be easily observed: the fresh membrane shows a white color, while after the field test, the membrane becomes brownish in color. The color change may be caused by the possible oxidation reaction that happened at high temperature conditions and/or due to the effect of the acidic components in the feed gas.
Conclusion
In the present study, pre-pilot scale PVA/amino acid salt hybrid hollow fiber membranes with a membrane area of around 200 cm 2 were produced at NTNU and tested at a cement plant. The effects of various operation parameters on gas separation performances have been systematically investigated. It is found that 90°C is an optimized operation temperature in the investigated temperature range (80-115°C) for the best separation performance. Compared to increasing the CO 2 partial pressure on the feed side, using a sweep flow or vacuum on the permeate side was found more effective in improving CO 2 flux across the membrane. The presence of various impurities in the feed stream only slightly reduced the CO 2 flux and CO 2 purity in the permeate side. Stability of the facilitated transport membrane has also been studied for a duration of one week, and a reduction of CO 2 flux was recorded. The effect of the suspended particulate matter or the so-called "fly ash fouling", the oxidation of the facilitated transport agents under the relatively high temperature condition with the presence of O 2 , and the effect of the acidic components in the feed stream may be the main causes of the reduced separation performance.
Further work may be done to optimize the operating temperature in order to achieve both high separation performances and good long-term stability. Meanwhile, the membrane and membrane module design may be further optimized to obtain the best operating conditions inside the modules and to reduce the concentration polarization effect for the separation.
The data obtained from this project provide a basis for the design and fabrication of the pilot-scale hollow fiber module. Moreover, lessons learnt from the field test in this work reveal potential issues and give valuable experience, which would benefit the development of this membrane to a full pilot-scale test, moving the membrane technology and this membrane onto the next TRL (Technology Readiness Level) level.
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